We investigated the two first moments of the concentration distribution from a point source release thanks to wind tunnel measurements. The results were analysed with the statistical model from Yee et al. (1994) . This model requires two parameters related to the larger scale velocity fluctuations and to the concentration variability due to smaller scale fluctuations respectively. A robust semi-empirical relation for the intensity of the concentration fluctuations was derived. Such a relation can be combined with the mean concentration estimates provided by a Gaussian puff model to compute the standard deviation of pollutant concentration.
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Introduction
The prediction of concentration fluctuations is essential to assess the impact of odours or accidental releases of toxic and flammable gases. Furthermore, the most serious consequences of such releases are likely to occur in densely populated city centres, where building geometry influences the flow in complicated ways.
Operational dispersion models meet some difficulties in assessing such situations for two reasons: few of them take into account the geometric complexity of the urban canopy, and many are limited to the prediction of the first order moment of the concentration distribution.
In the literature, concentration fluctuations were addressed thanks to three different strategies: by coupling a Large Eddy Simulation with a Lagrangian stochastic model (Wei et al., 2006; Xie et al., 2004) ; by coupling a Reynolds Averaged Navier Stokes model with an equation of the concentration variance (Mavroidis et al., 2007) or with a Lagrangian stochastic model integrating a macro-mixing and a micro-mixing scheme (Cassiani et al., 2005) ; by defining the functional form of the concentration probability density function as a function of space and time (Gifford, 1959 , Yee et al., 1994 .
In this paper, we present preliminary studies for an operational dispersion model for risk management in urban areas. The model, named SIRANERISK, is conceived to provide estimates of the mean concentration of a passive scalar ejected during an accidental release within an urban district. To compute mean concentrations, SIRANERISK embodies a specific mass-consistent model for pollutant dispersion within the urban canopy (Soulhac et al., 2011) , coupled with a Gaussian puff model for the outer atmosphere. Estimations of the concentration standard deviation are also needed. They can be provided by semi-empirical models giving the spatial evolution of the intensity of the concentration fluctuation ( )
One model for i c can be derived from the approach developed by Gifford (1959) and generalised by Yee et al. (1994) , who proposed theoretical relations to compute higher order moments of the concentration distribution. Equations for these moments can be given the general form:
where C 0 denotes the concentration on the plume axis (respectively at puff centre), M is the meandering ratio and i r is the ratio of the concentration standard deviation to the averaged concentration in the instantaneous plume or puff. It is worth noting that M and i r depend on the distance from the source and on the dynamical condition of the flow field within which the dispersion process occurs. An extensive experimental data set of M and i r for a large variety of flows is still lacking, and therefore, there is no available empirical law to describe their spatial evolution.
For this reason, we performed specific wind tunnel experiments to investigate the two first moments of the concentration distribution, as well as M and i r , over urban-like roughness.
Statistical modelling of the concentration distribution
To describe the spread of a pollutant plume or puff, different relations were proposed to model the concentration Probability Density Function (PDF): log-normal distributions (Csanady, 1973) , exponential distributions (Sawford, 1987) , combination of exponential and generalised Pareto distributions (Lewis and Chatwin, 1995) , clipped Gamma functions (Yee et al., 1994; Yee and Chan, 1997) and clipped Gaussian distributions (Lewellen and Sykes, 1986; Mylne and Mason, 1991; Reynolds, 2007) .
The advantages of the different functions are not clear enough to lead to general agreement. However, the two parameters involved in the clipped Gamma function, namely M and i r , admit simple physical interpretation, and can be inferred by experimental measurements (Yee et al., 1994) . In what follows, we will focus on the crosswind distribution of concentration without regard to the changes in the vertical direction z. The distribution of the averaged concentration C is assumed to be given by a Gaussian law:
Given this assumption, following Yee et al. (1994) , any moment of the concentration distribution n C can also be described by a Gaussian law:
where M, i r and y σ depend on the stream-wise coordinate x. f n is an algebraic function of i r which reduced to ( ) 2 2 r r f i 1 i = + for n = 2. The equivalent equation from Gifford (1959) can be easily obtained from equation (3), setting i r = 0. M is also related to the spread of the different moments of the concentration distribution n C denoted by n σ through the relation (Yee at al., 1994) :
where 2 2 n n y R = σ σ .
For n = 2, since 2 2 2 c C C σ = − , the combination of equations (2) and (3) provides an additional relation for the distribution of the concentration standard deviation, which was tested against experimental results.
Measurements of concentration fluctuations in plumes and puffs
The experimental campaign consisted in measurements of the time evolution of the concentration C(t) at fixed locations after either instantaneous or continuous releases in a turbulent boundary layer flow. To that purpose, a tracer gas was released over different rough surfaces, simulating either a rough terrain or an urban-like geometry. The roughness elements and the source location were different in the two configurations.
The experiments were performed in the atmospheric wind tunnel of the Ecole Centrale de Lyon, whose test channel is 14.0 m long, 3.8 m wide and 2.0 m high. Passive scalar concentrations were measured with a frequency of 1 kHz by means of a Fast Ionisation Detector (FID) probe.
Experimental configurations
Two configurations were tested by varying the height H, the form and the spacing of the obstacles placed over the wind tunnel floor. In the R20 configuration (Figure 1(a) ) the flow developed over a rough surface made of 20 mm cubic roughness elements (H = 20 mm). The B30 configuration was made up of an idealised urban canopy constituted by a network of perpendicular streets, each 250 mm long (Figure 1(b) ). The street cross-section was 50 × 50 mm (H = 50 mm). Nuts were spread over the building roofs to play the role of roughness elements. An angle of 30° was set between the street axis and the main direction of the flow.
The source was located at s h 5H/4 = in configuration R20 and at s h H/2 = in configuration B30. The measurements were performed at s z h 5H 4 = = in R20 and at z 6H/5 = in B30. In that second case, the pollutant was released within the canopy, whereas the concentration measurements were performed in the outer flow. 
Flow dynamics
In both configurations, the flow developing over the roughness elements behaves as a classical turbulent boundary layer. In the lower part of the boundary layer, the mean longitudinal velocity u is well fitted by a logarithmic profile. The vertical profiles of non-dimensional flow variables can, therefore, be described by means of similarity relations (Figure 2) . Therefore, the flows developing in the two configurations (R20 and B30) are similar. 
Plume and puff behaviour
Different statistics were derived from the experimental results, namely the mean, variance, standard deviation and fluctuation intensity of the concentration. Statistics were obtained by means of time averages in case of continuous releases and by means of ensemble averages over 100 to 150 releases for 'instantaneous' puffs. The normalised distributions of concentration obtained with plumes and puffs at a given location are compared in Figure 3(a) . The results show that the crosswind profiles of concentration are sensitive neither to the duration of the pollutant release nor to the source location. At a given height z above the ground and at a given distance x from the source, the concentration distribution is also well fitted by a Gaussian law. This feature allows us to apply the model given by equations (2) and (3). Similarly, the crosswind profiles of the concentration standard deviation do not depend on the release duration or the source location, although some important scatter is observed close to the plume or puff centre (See Figure 3(b) ). Table 1 . It is worth noting that, in case of non-steady releases, the estimates of M and i r through data fitting were not reliably close to the source due to significant scatter in the experimental results. Both M and i r decrease with the stream-wise direction in configuration R20. i r is reduced as the puff travels downstream because of the increasing dilution within the puff path. M also decreases as the linear dimension of the puff increases and attains the integral length scale of the boundary layer flow. This excepted trend is not systematically observed in B30. In that situation, the scatter in the results is more important due to the presence of obstacles, so that important uncertainties are suspected in the estimates of the second order moment of the concentration and, therefore, in the estimates of M and of i r .
Intensity of the concentration fluctuations
Since the crosswind profiles of both the averaged concentration and the concentration standard deviation were independent on release duration and source location, the same trend was expected in the crosswind profiles of the concentration fluctuation intensity
in the mean plumes or puffs (See Figure 4(a) ). Furthermore, the longitudinal evolution of i C0 was also found to be almost independent on release duration and source position (Figure 4(b) ), and could be fitted by the following power law:
where a = 0.424 and b = 1.025. Since the behaviour of i C0 is independent of the source position, equation (5) can be used to model the decrease of i C0 with distance in a neutrally stratified atmosphere above urban areas. Therefore, the combination of equations (5) and (2) provides a simple model to compute concentration fluctuations on plume axis or at puff centre. However, further investigations are still needed so as to quantify the lateral distribution of M and i r as well as the evolution of those parameters in other atmospheric conditions like stable or convective boundary layer.
Conclusions
This study presents the experimental results of steady and unsteady releases in a turbulent boundary layer developing over urban-like roughness elements.
The experimental results were analysed to get quantitative estimates of the two parameters M, and i r involved in the model proposed by Yee and al. (1994) , for higher order moments predictions of the concentration distribution. The experimental results allowed us to infer the simple parametric law dependence of these parameters on the spatial coordinates and to test the sensitivity of that parameterisation on varying source position.
The robustness of equation (5) still requires further confirmation, and new measurements are presently processed with that aim. However, equation (5) was implemented in a research version of SIRANERISK, an operational model for crisis management after accidental or deliberate releases, to estimate the magnitude of the spreading of experimental results around the simulated mean concentrations.
